The tribological properties of self-assembled monolayers (SAMs) on Au were investigated with a focus on the effects of the structure and end groups of the molecules upon the frictional properties of the modified surfaces of the SAMs. Three kinds of organothiols were used: HS-(CH 2 ) 11 -(O-CH 2 -CH 2 ) 3 -OCH 3 : EG3OMe, CH 2 -(CH 2 ) 15 -SH: HDT, and OH-(CH 2 ) 16 -SH: HDTOH. The SAM surfaces were characterized by contact angle measurements of pure water, X-ray photoelectron spectroscopy, and infrared reflection absorption spectroscopy. The frictional properties were examined using a pin-on-plate tribometer. The friction coefficients of the SAM surfaces were similar to the bare Au surface in the high normal load region. In the low normal load region, HDT SAMs exhibited lower friction coefficients than HDTOH SAMs. The end groups affected the friction coefficients for the same chain structures. The friction coefficients of the EG3OMe SAMs were lower than those of HDT SAMs. The HDT SAMs were thought to have well-organized structures. On the other hand, the EG3OMe SAMs probably had more flexible structures than the HDT SAMs because of their ethylene glycol chains, indicating that the chain structures as well as the end groups affected the friction coefficients of the SAMs.
Introduction
The tribological properties of organic thin films like self-assembled monolayers (SAMs) have been investigated [1] [2] [3] [4] [5] [6] [7] using both nano-scale tribometers such as friction force microscopy and macro-scale tribometers because such films exhibit lower friction coefficients than bare substrates. SAMs are expected to be used especially as functional ultra-thin molecular layers in such applications as lubrication and organic electronic devices because of their ease of preparation. SAMs can be applied to various kinds of surfaces using molecules with different head groups, such as thiol, silanes, multiple C-C bonds, and acids. The tribological properties of SAMs are affected by several factors which have been investigated by many researchers and include head groups, chain lengths, chain structures, chemical bonds inside the chains, and end groups.
Early studies of the tribological properties of SAMs have mainly used organosulfurs on Au and organosilanes on silicon (Si). Recently, Si has become one of the most popular substrates in use because of the focus on microelectromechanical systems (MEMS). The possibility of using SAMs on Si as lubricants for MEMS has been reported [4, 5, [8] [9] [10] [11] using atomic force microscopy (AFM) techniques because of their small thickness and chemical bonding with the substrates. Furthermore, it is easy to control the surface properties of MEMS, such as hydrophilicity, using SAMs, as well as to change the thickness of the SAMs. In previous studies on the tribological properties of SAMs on Si [4, 5] , mainly organosilane SAMs have been used. It has been reported that organosilane SAMs reduced the friction coefficients, stiction and wear. Furthermore, tests using macro-scale tribometers, such as traditional pin-on-disk or pin-on-plate tribometers, have been conducted. These studies have also demonstrated that SAMs on Si had the potential for application as lubricants [7] .
Basic studies on the tribological properties of SAMs have been also performed using organosulfur on Au [12] [13] [14] [15] for a number of reasons. One reason is that there are many kinds of organosulfur compounds which can easily form SAMs. Also, SAMs on Au substrates are suitable for investigating the influence of molecules (molecular length, functional group, chain structure) upon the tribological behavior. Another reason is that the SAM formation process on Au substrates is easier than that on other substrates such as silicon made from organosilianol compounds. For example, the authors have investigated the tribological behavior of organosulfur molecule SAMs on Au using a pin-on-plate method [13] [14] [15] . In our previous study, we found that the friction coefficients were dependent on the alkyl chain length and that even a monolayer film was sufficiently durable against friction, although the friction coefficients were slightly high at 0.2 to 0.4. As such, a decrease in the friction coefficient of alkanethiol monolayers is necessary for SAMs to be effectively used as lubricants. In addition, further measurements to increase their durability against friction are required. We also investigated the frictional properties of terphenyl methane thiol (TP1) SAMs [14] . Oligophenylene SAMs containing phenyl rings are also expected to be good surface coating materials because they have been predicted to be rigid [16] . Although the friction coefficients of terphenyl methane thiol SAMs measured by friction force microscopy were higher than those of soft octadecanethiol (ODT) SAMs, when measured by the pin-on-plate method, both of these SAMs exhibited almost the same friction coefficients. With pin-on-plate measurements, the deformation of the substrates arising from the higher sliding speed may affect the friction behavior.
Furthermore, X-ray photoelectron spectroscopy (XPS) measurements have indicated that TP1 SAMs have higher durability against friction than ODT SAMs.
The formation of overlayers on a monolayer seems to be effective for increasing the durability and decreasing the friction coefficient. It has been reported that the formation of a new overlayer on a monolayer can decrease the friction caused by polymers, as in the case of perfluoropolyether (PFPE) [17] . The authors have also reported on the tribological properties of self-assembled double layers on Au. The self-assembled double layers had effect of lowering friction. However, their durability against friction was inadequate for practical use. Another candidate is SAMs with molecules having double units. Recently, oligo (ethylene glycol) (OEG)-terminated alkanethiol SAMs have been investigated for the purpose of protein resistance. These molecules have two units of ethylene glycol and alkyl chains. Thus, OEG-terminated alkanethiol SAMs have the potential for use as a lubricant film.
In this present study, we prepared OEG-terminated alkanethiol, alkanethiol, and hydroxyl terminated alkanethiol SAMs on Au. The SAM surfaces were characterized using contact angle measurements of pure water, XPS, and infrared reflection-absorption spectroscopy (IRRAS). The tribological properties were examined using a macro-scale tribotester to clarify the effects of the end groups and the chain structures of the molecules on the friction properties.
Experimental Methods

SAM preparation
The Au substrate was prepared by sputtering Cr and Au on Si(1 1 1). After a Cr layer was deposited to improve adhesion between the Au film and Si substrate, the Au film was formed. The thickness of the Au and Cr films was 150 nm and 10 nm, respectively. The Au substrates were cleaned by ultraviolet light (UV) and ozone treatment for 30 min using a UV/ozone cleaner (Nippon Lazar & Electronics Lab.) to oxidize the Au surface. The substrates were rinsed with a pure ethanol solution for 30 min to remove the oxide [18] [19] [20] . Self-assembled monolayers were prepared on each Au substrate in a glass beaker at room temperature. The cleaned Au substrate was exposed to a solution of 1 mM of organothiol in ethanol for 24 h. The organothiols used in this study are listed in Table 1 and are HS-(CH 2 ) 11 -(O-CH 2 -CH 2 ) 3 -OCH 3 : EG3OMe, CH 2 -(CH 2 ) 15 -SH: HDT and OH-(CH 2 ) 16 -SH: HDTOH. These three organothiols with different end groups of the methyl group and hydroxyl group, and different chain structures of alkanethiol chain and OEG-terminated alkanethiol were used to examine the effects of the end groups and the chain structures of the molecules on the friction properties. The HDT, HDTOH, and EG3OMe were purchased from Tokyo Chemical Industry Co., Ltd., Dojindo Molecular Technologies, Inc., and ProChimia Surfaces. Sp.z o.o., respectively, and were used as received. While being exposed to organothiol solution, organothiols (R-S-H) adsorbed on Au surface, gold thiolates (R-S-Au) formed, and SAMs formed. After removal from the solution, the Au substrates were rinsed with pure ethanol to remove the physisorbed multilayer of organothiol.
Characterization of the SAM surfaces
The SAM surfaces were characterized by contact angle measurements, XPS analysis, and IR-RAS analysis. Static water contact angle measurements were performed using deionized water (MilliQ). Four measurements were made on each sample. XPS spectra were recorded using a Theta Probe XPS system (Thermo Fisher Scientific K.K.) with a monochromatic Al-Kα X-ray source (1486.6 eV). The base pressure of the XPS system was less than 3 x 10 -7 Pa. The X-ray power, pass energy of the analyzer, and take-off angle of photoelectrons were set at 10 W, 100 eV, and 90 deg., respectively. The binding energies were corrected by using the Au (4f 7/2 ) peak (84.0 eV) as an energy standard. The peak area was normalized by a sensitivity factor for each element at 1.00, 1.68, and 17.1 for C(1s), S(2p), and Au(4f), respectively [21] .
Infrared reflection-absorption spectra were recorded on an FT-IR system (Mattson Infinity Gold) equipped with a grazing angle (80°) infrared reflection accessory and a liquid nitrogen cooled mercury cadmium telluride (MCT) detector. A spectrum of a bare Au surface was used as a reference.
Friction measurements
The frictional properties were examined using an in-house developed pin-on-plate tribometer (cf. Fig. 1 ). Linear reciprocating friction tests were performed. The sliding speed was varied in sinusoidal and the average speed was 1.0 to 10.0 mm/s (0.1 to 0.1 Hz), and the stroke was 5 mm. The normal load was varied from 9.8 to 98 mN and the mean Hertzian contact pressure was estimated to be approximately 53 to 116 MPa. The surface roughness of the glass pin and Au substrate were 0.019 μm Ra and 0.003 μm Ra, respectively. The local pressure at the tip asperities is higher than 53 to 116 MPa because the surface roughness of the glass pin is higher than that of the Au surface. The friction coefficients were averaged over a sliding distance of 0.3 m. The experimental temperature was 298 K, and the humidity was kept at 30 to 40% by a flow of dry nitrogen. The pins were made of borosilicate glass (Pyrex), with a diameter of 3 mm and a length of 20 mm. The pins were cleaned in acetone, ethanol, and deionized water, and then dried at 393 K for 10 min. After cleaning, the ends of the pins were flame-annealed to produce a smooth surface.
Results and Discussions
Contact angle measurements
The effects of surface wettability and surface energy upon the friction properties were investigated. The results of contact angle measurements using pure water are shown in Table 2 , and the numbers are average values of four results. The HDT and HDTOH SAMs were hydrophobic and hydrophilic, respectively, because of the effects of their end groups. Although both the EG3OMe and HDT SAMs have the methyl groups as the end group, the contact angle of the HDT SAM is higher than that of the EG3OMe SAM. The reason for the lower contact angle of the EG3OMe is the exposure of the ethylene glycol (EG) units which contain oxygen atoms at the outer surface [22] .
XPS analysis
XPS measurements were performed on all SAMs. Figure 2 shows the XPS spectra of the HDT (a), HDTOH (b), and EG3OMe SAMs in the C(1s) region. For both the HDT and HDTOH SAMs, a strong peak was observed in the C(1s) region at approximately 285.0 eV, which was assigned to the aliphatic chains. For the HDTOH SAM, a shoulder peak was observed at approximately 286.8 eV, which was assigned to the C-O-H bond. On the other hand, for the EG3OMe SAM, two peaks were observed at approximately 284.7 eV and 286.6 eV, which were assigned to the aliphatic chains and the ether carbons, respectively [23] . The XPS spectra showed that the EG3OMe SAM had two units which were the aliphatic chains and ethylene glycol units. We estimated the XPS peak area ratio of
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Normal load Glass pin SAM on Au As such, the packing density of the HDT SAM was close to that of the EG3OMe SAM in this study. The high XPS peak area ratio of C(1s)/Au(4f) measured on the HDTOH SAM could be due to the physisorbed HDTOH molecules. We think that the physisorbed molecules adsorbed weakly and desorbed during the friction tests. We also performed angle-resolved XPS measurements. Figure 3 shows the atomic concentration of the HDT (a) and EG3OMe (b) SAMs as a function of the emission angle. The high and low emission angle regions show the surface and bulk regions, respectively. Both for the HDT and EG3OMe SAMs, the atomic concentration of C was high and that of Au was low in the surface region. Moreover, for the EG3OMe SAM, the atomic concentration of O was high in the surface region, indicating that EG units of the EG3OMe SAM were present on the surface.
FT-IR analysis
The surfaces were characterized by FT-IR spectroscopy to further verify the formation of the SAMs on Au. Figure 4 shows the fingerprint region of the IRRAS spectra for the HDT (a), HDTOH (b), and EG3OMe (c) SAMs. The EG3OMe spectrum shows a strong characteristic peak at 1126 cm -1 , which was assigned to the C-O-C stretching mode [24] . On the other hand, only a broad peak was observed for the HDT and HDTOH SAMs of the fingerprint region. Figure 5 shows the CH stretching region of the IRRAS spectra for the HDT (a), HDTOH (b), and EG3OMe (c) SAMs. The HDT spectrum shows four peaks at 2850 cm -1 , 2877 cm -1 , 2920 cm -1 , and 2962 cm -1 , which were assigned to the CH 2 symmetrical stretching mode, CH 3 symmetrical stretching mode, CH 2 antisymmetric stretching mode, and CH 3 antisymmetric stretching mode, respectively Fig. 4 The fingerprint region of the IRRAS spectra for the HDT, HDTOH, and EG3OMe SAMs Wavenumber (cm -1 ) Fig. 5 The CH 2 stretching region of the IRRAS spectra for the HDT, HDTOH, and EG3OMe SAMs [22] . On the other hand, the HDTOH spectrum shows two peaks at 2850 cm -1 and 2920 cm -1 , which were assigned to the CH 2 symmetrical stretching mode and CH 2 antisymmetric stretching mode, respectively. The EG3OMe spectrum shows two peaks at 2856 cm -1 and 2922 cm -1 , which were assigned to the CH 2 symmetrical stretching mode and CH 2 antisymmetric stretching mode, respectively. The two peaks assigned to the CH 2 stretching mode of the EG3OMe were broader than those of the HDT and HDTOH, indicating an amorphous and less-oriented conformation of the EG unit of the EG3OMe SAM [24] . The peaks assigned to the CH 3 stretching mode were not observed with the EG3OMe.
Only the perpendicular component of the dipole moment is active in IRRAS [25] . If the EG unit of EG3OMe are parallel to the surface, both the symmetric and asymmetric vibration of the CH 3 group of the EG unit have components that are parallel to the surface and the peaks assigned to the CH 3 stretching mode are not observed. Thus, it was considered that the EG unit of EG3OMe were parallel to the surface.
Friction measurements
Friction measurements were performed using our in-house developed pin-on-plate tribometer. Figure 6 shows the friction coefficient as a function of the reciprocal number of the normal load of the bare Au and the HDT, HDTOH, and EG3OMe SAMs. Errors estimated from the standard deviation are also shown in Fig. 6 . In the low normal load region of sliding speeds of 1 mm/sec (cf. Fig. 6(a) ) and 5 mm/sec (cf. Fig. 6(b) ), the order of friction coefficients was as follows: EG3OM < HDT < HDTOH < bare Au. We varied the sliding speed to examine the effect of the sliding speed upon the friction behavior. The effects of molecules upon the friction coefficients appeared in the low load region of a sliding speed of 1 mm/sec. On the other hand, in the low load region of a sliding speed of 5 mm/sec, the friction coefficients of the SAMs showed similar values. One possible reason for the effect of sliding speeds on the friction coefficients is that the different sliding speeds might change the molecular orientation which in turn led to a change in friction behavior. The friction coefficients of the HDT SAMs were lower than those of the HDTOH. Furthermore, the friction coefficients of the EG3OMe SAM were the lowest in the SAM surfaces used in this study. The HDT and HDTOH have the same number of alkyl unit and different end groups. Thus, the end group affected the lower friction coefficients of the HDT SAM more than that of the HDTOH SAM. On the other hand, the chain structures of the HDT and EG3OMe SAMs were different, indicating that the chain structure of the molecules also affected the friction properties. On the other hand, in the high normal load region, the friction coefficients were around 0.15 for all surfaces, indicating that the friction coefficients did not depend on the end groups or the chain structure of the SAMs. We think that the molecules were desorbed during the friction tests with high loads. Therefore, the friction coefficients of the SAM surfaces were similar to the bare Au surface.
The effects of molecules upon the friction properties
Now we discuss the relationship between the friction properties and molecules. In this study, we examined the effects of the end groups and chain structures. It has been reported that the thicknesses of the HDT, HDTOH, and EG3OMe SAMs were approximately 2 nm [22, 26, 27] . The film thickness of the HDT and HDTOH SAMs was estimated using ellipsometry [26, 27] and that of the EG3OMe was estimated using the XPS results [22] . Figure 6 shows that the effects of molecules appeared only in the low normal load region. In our previous study [14] , we analyzed normal octadecanethiol SAM surfaces after friction tests by XPS. In that study, 95% of the molecules remained on surface after a sliding distance of 180 m under a load of 30 mN. The structure of the HDT and HDTOH molecules were similar to that of octadecanethiol, indicating that most parts of the molecules remained on the HDT and HDTOH SAMs at loads lower than 30 mN. In the case of the EG3OMe SAMs, we think that the SAMs remained after the friction tests because the friction coefficients were lower than those of the HDT and HDTOH SAMs and the bare Au surface under a load of 30 mN. On the other hand, in the high normal load region the molecules were desorbed during friction and the friction coefficients of the bare Au surface and the SAM surfaces were similar. Therefore, we can discuss the effects of molecules in the low normal load region. First, we discuss the effects of the end groups on the friction in the low normal load region. The relationship between the friction and end groups has been reported by several researchers [16, [28] [29] [30] . Houston et al. have investigated the relationship between the functional group of the SAMs and friction using interfacial force microscopy [28] . They prepared a surface and probe (tip) coated with alkanethiol SAMs and mercaptoalkanoic acid SAMs, which had different end groups of the methyl group and carboxyl group, respectively. They found that the combination of an alkanethiol SAM and a mercaptoalkanoic acid SAM exhibited a higher friction coefficient than that of the alkanethiol SAMs. Moreover, Green et al. have studied the effects on friction of several functional groups. These studies showed that the friction was expected to be larger on high surface energy materials [30] . Bhushan et al. have investigated adhesion, friction, and wear properties using five kinds of alkanethiol and biphenyl thiol SAMs with different end groups by AFM [16] . They reported that SAMs with end groups of the carboxyl group and hydroxyl group increased the adhesive force, leading to higher friction force. For these reasons, in our case, we supposed that the end group affected the higher friction coefficients of the HDTOH SAM more than the HDT SAM. The HDTOH SAM with the hydroxyl groups as the end group, which exhibited high surface energy, had a higher friction coefficient than the HDT SAM with the methyl group. The friction tests in this study were performed in air. Therefore, water content in the air should exist and might affect the results of the friction tests, indicating that the higher adhesion force that acted between the HDTOH SAM and the surface of the glass pin contributed to the high friction force. For the EG3OMe SAM, the contact angle was lower than that of the HDT SAM and higher than that of the HDTOH SAM. On the other hand, the friction coefficients of the EG3OMe SAM were lower than those of the HDT and HDTOH SAMs. This result indicated that wettability is not the only factor that affects the friction properties of SAMs with different chain structures and that the end groups affected the friction coefficients for the same chain structures.
Next, we discuss the effects of the chain structure of the molecules on the friction. The end groups of both the HDT and EG3OMe SAMs were the methyl group. The different friction coefficients of the HDT and EG3OMe SAMs were supposed to depend on the structures of their molecules. The structures of alkanethiol SAMs such as HDT SAMs on Au have been investigated by many researchers and these HDT SAMs had well-organized structures. The alkyl chain was sufficiently long and the intermolecular interaction of the HDT SAM was strong because the intermolecular interaction increased with longer alkyl chains. On the other hand, the EG3OMe SAMs have two units which are alkyl chains and oligo (ethylene glycol). We think this double-unit structure affects the tribological properties. In our previous study we reported that the double layer of the SAMs lowered their friction coefficients [15] . In that study, the topmost and lower layers acted as mobile and bound layers, respectively. The topmost layer was alkanethiol and the lower layer was mercaptoalkanoic acid. We think the double layers of the SAMs have similar structures of PFPE which is one of the conventional polymer lubricants with nano-order film thickness. It is well-known that the PFPE molecules in the lower layer that adsorb on the surface act as an immobile layer, behaving as a solid, and that those in the upper layer act as a mobile layer, like a liquid [17] . In the EG3OMe SAM, the effect seems to be similar. The alkyl chain units are thought to act as the bound layer because of the intermolecular interaction. On the other hand, the EG units are thought to have flexibility and to act as the mobile layer. The FT-IR data of the EG3OMe in the CH 2 stretching region showed broad peaks. These results indicated an amorphous and less oriented conformation of the EG units of the EG3OMe SAM. This result also supported the flexibility of the EG units. We think that under friction the EG units and alkyl chains of the EG3OMe SAMs acted as mobile and bound layers, respectively, and contributed to lowering the friction. Another possible reason for the low friction coefficients of EG3OMe SAM is the effect of water in air. The friction tests were performed in air and water existed between the pin and SAM surface. From the results of contact angle measurements in Table 2 , the interaction between water and the end groups of SAMs are different. We think that the interaction between the water in the air and the end groups of the molecules affected the friction coefficients of the SAMs. Therefore, not only the molecular structure but also the appropriate interaction between water and molecules affected friction coefficients of SAMs. To examine the effect of molecular structure further, performing friction tests under varying levels of humidity could be a possible approach.
Conclusions
The tribological properties of organothiol SAMs on Au were investigated using a conventional pin-on-plate tribometer to clarify the effects of the structure and end groups of the molecules upon the frictional properties of the modified surfaces of the SAMs. The friction coefficients of the SAM surfaces were similar to those of the bare Au surface in the high normal load region. In the low normal load region, the order of the friction coefficients was as follows: EG3OM < HDT < HDTOH < bare Au. The HDT SAMs with the methyl group as an end group exhibited lower friction coefficients than the HDTOH SAMs with the hydroxyl group as an end group. The end groups affected the friction coefficients for the same chain structures. The friction coefficients of the EG3OMe SAM were lower than those of the HDT SAMs. We think that the HDT SAM had well-organized structures because of the intermolecular interaction of the CH 2 groups of the alkyl chains. On the other hand, the EG3OMe SAM was probably more flexible than the HDT SAM because of its ethylene glycol chains, indicating that the chain structures as well as the end groups affected the friction coefficients of the SAMs.
